1. Introduction {#s0005}
===============

Speech is produced by the combination of neuromuscular control and the coordination between respiratory, phonatory and articulatory systems. The breakdown of such a complex system when examining speech output might be indicative of disorders of the nervous and/or motor speech systems. Therefore, a careful assessment of speech production must be performed in order to identify the underlying causes of any motor speech disorders. Amongst the battery of tests used by health professionals are diadochokinetic rates (DDK) which can be defined as a phonoarticulatory speech task where a monosyllable /pa/ or multisyllabic sequence /pataka/ is repeated quickly as possible in a clear manner ([@b0135], [@b0235]). DDK rates have been employed in motor speech assessment to examine the integrity of systems involved in speech ([@b0020], [@b0120], [@b0210], [@b0095], [@b0140]), and they assess the ability of coordination of respiratory, articulatory, and laryngeal behaviours ([@b0175], [@b0160], [@b0205]). DDK rate is often used in the assessment of motor speech disorders and voice ([@b0125], [@b0230]: [@b0190], [@b0065]). Moreover, it is used as simple neurological test in determining the presence and the degree of severity of motor speech disorders such as apraxia and dysarthria ([@b0130], [@b0170], [@b0215], [@b0100], [@b0005], [@b0240], [@b0160]).

DDK rates that are not within a set of validated normative DDK rates might be indicative of disorders as described above. Therefore, a set of normative DDK rates for languages have been established for English ([@b0120], [@b0185], [@b0015], [@b0105], [@b0050], [@b0145], [@b0220]), Chinese ([@b0080]), Portuguese ([@b0160], [@b0115]) and Hebrew ([@b0085]).

DDK rates are used to assess neurological integrity and coordination between respiratory, phonatory and articulatory systems as described earlier. Children display lower DDK rates than adults ([@b0150], [@b0035]), and the deceleration in articulatory movements and lower accuracy of speech gestures will lower DDK rates in older adult ([@b0195], [@b0030]). Young adults in contrast displays more accurate and consistent DDK production than either children or older adults. Furthermore, some investigations into DDK rates have shown no sex differences.

Two methods of analysis of DDK rate are often used, the "time-by-count method" ([@b0060], [@b0055]8) and the "traditional approach". The traditional approach can be described as the number of syllables produced over a specified time ([@b0180]); variations for the specified time are often seen across different studies ([@b0010]). In contrast, the "time-by-count method" ([@b0060], [@b0055]8) can be described as the time measured for a predetermined number of syllables to be spoken in seconds.

The syllables that are often analysed are /pə/,/tə/,/kə/, or their voiced counterparts, /bə/,/də/,/gə/ for monosyllables ([@b0200]). While, /pətəkə/ can be considered the most common multisyllabic sequence used in DDK rates. Caution should be exercised when making comparisons between languages and dialects where articulatory behaviours might be different due to phonological or other linguistic-based differences ([@b0035]). Therefore, it is suggested that stimuli should be appropriate for the language and dialects being investigated in order for DDK rates to be reliable for the speakers being studied ([@b0040]).

To the knowledge of the researchers, normative DDK rates have not been established for the Arabic language. Arabic is commonly spoken by more than 420 million speakers across North Africa, Middle East and other parts of world. Moreover, Gulf Arabic and more specifically the Saudi Arabian Najdi *Saudi* dialect spoken in the central area of the Kingdom of Saudi Arabia and the Bahraini *Bahraini* dialect in the Kingdom of Bahrain have not been explored. The current paper aims to determine normative DDK rates using the "time-by-count method" ([@b0060], [@b0055]8) for two Gulf Arabic dialects: the Najdi *Saudi* dialect spoken in Saudi Arabia and for the Bahraini *Bahraini* dialect in Bahrain. It also explores if there are differences between the two dialects and between young adult male and female speakers of Arabic. In addition, it explores differences between syllables.

2. Materials and methods {#s0010}
========================

2.1. Ethics and method of recruitment {#s0015}
-------------------------------------

This study was approved by the University Research Ethics Committee at the University of Sheffield. The participants in this study were volunteers who responded to a bulletin letter that was circulated via e-mail to contacts in hospitals and universities in Riyadh, Saudi Arabia, and Manama, Bahrain. The volunteers were contacted by the researcher by either phone or e-mail and meetings were arranged to take place in clinics or university rooms. The participants were given an information sheet and were offered to ask question prior to signing the consent form to confirm their agreement to join the study and were informed of their right to withdrew from the study.

### 2.1.1. Participants {#s0020}

The initial group of volunteers was composed of 87 participants. However, only 80 participants remained which consisted of 40 males and 40 females. Reasons for exclusion were loss of data or not fulfilling the inclusion criteria. Twenty males and 20 females represented the two Arabic dialects with age ranges between 22 and 35 years old (Bahraini males m = 25.96 (SD = 3.75) and females 27.71 (3.51) and Saudi males 27.45 (3.98) and females 26.36 (3.66)). A one-way ANOVA revealed no significant differences between the four groups (F (3,76) = 1.008, p = .394).

### 2.1.2. Inclusion criteria {#s0025}

The inclusion criteria reflected the research design that was descriptive, exploratory and explanatory as would be illustrated in the details of health status and dialect inclusion criteria that follows.

#### 2.1.2.1 Health status {#s0030}

The following inclusion criteria were adopted where participants: (a) Had no current or previous symptoms of voice, speech or fluency difficulties (b) Had not undertaken any professional speech or voice training, (3) were non-smokers, (4) had no self-reported hearing loss or ear infections, (5) had passed the whisper test and (6) displayed no evidence of voice-related problems such as allergic rhinitis, upper respiratory problems or a cold ([@b0165]).

#### 2.1.2.2 Dialect {#s0035}

All participants identified themselves as a speaker of their respective dialects. Further monitoring and confirmation of the *Najdi* speaking participants was done by the researcher, whereas, the Bahraini speakers was confirmed by a Bahraini *Bahraini* Arabic speaker.

2.2. Stimuli {#s0040}
------------

The speech samples selected for the DDK rate assessment were production data for the monosyllables /ba/, /da/, /ga/ as well as the multisyllabic sequence /*badaga*/ which is part of a stimuli list used from a larger study comparing the two dialects ([@b0010]). The choice of these stimuli was based on the lack of the voiceless plosive /p/ in Arabic as well as earlier studies that have employed the voiced plosive /b/ in their assessment of DDK ([@b0200]). In addition, no differences have been reported for voiced and voiceless monosyllables ([@b0120]). Moreover, the choice of the vowel /a/ was more appropriate for Arabic language speakers, and is shared with a range of Arabic dialects; it can therefore be used in future comparisons.

2.3. Data gathering procedure and preparations for analysis {#s0045}
-----------------------------------------------------------

The speech samples were gathered by audio-recordings in a room with a low ambient noise on a high quality digital audio recorder (Olympus DS-40) connected to a microphone (ME53S). The microphone was situated at a relatively constant 20 cm from each participant's mouth.

The sampling rate of the recordings was 44 KHz with a 32-bit resolution, and the recordings were stored internally on the digital audio recorder in WMA format. Participants were recorded sitting comfortably in a chair in a quiet room or residence in Saudi Arabia and Bahrain. Data were collected from speakers in their respective Arabic dialects. All participants in this study produced the stimuli for DDK which included the monosyllables (/ba/, /da, /ga/) and the multisyllabic sequence /*b*a*d*a*g*a/. Participants were shown the monosyllables and the multisyllabic sequence in written Arabic and were then given a demonstration by the researcher. All participants were instructed to take a deep breath before initiation of each syllable and were instructed to produce the syllables for more than 20 s and were cued when to stop.

2.4. Acoustic analysis {#s0050}
----------------------

### 2.4.1. Monosyllables and multisyllabic sequences {#s0055}

The "time-by-count method was employed where Praat was used in the analysis of all the parameters for all participants ([@b0025]). Using visual inspection, the time marker was placed after the first production of /ba/, /da/, /ga/ and */b*a*d*a*g*a/. The first set of the monosyllables was excluded from the analysis because [@b0005] suggest that the first production of the first syllable is longer than the remaining syllables. The first time marker was placed at the end of the vowel formant and before the start of the release of the voiced stops /b/ of the next iteration, after the count of the 20 full repetitions of /ba/, /da/, /ga/, the second time marker was placed at the end of the vowel preceding the voicing of the next iteration which was not counted (see [Fig. 1](#f0005){ref-type="fig"}(a)). The same procedure was conducted for all monosyllables.Fig. 1Methods used to measure DDK rate for the monosyllables /ba/, /da/, /ga/ and the multisyllabic /*b*a*d*a*g*a/. The time marker was placed after the first iteration as in [@b0060], [@b0055] time-by-count procedure, where the duration for 20 full repetitions was measured for the monosyllables (shown for /ba/ in a -- left hand panel) and 10 full repetitions for the multisyllabic sequences/*b*a*d*a*g*a/ (shown in b -- right hand panel).

Similar to the monosyllables, the first time marker was placed after the first full iteration of /*badaga*/ at the end of the vowel preceding the next repetition. The second time marker was placed at the end of the number of full repetitions of the selected multisyllable; [Fig. 1](#f0005){ref-type="fig"}(b) shows 10 repetitions that were selected. The procedure was repeated for 20 repetitions for the monosyllables /ba/, /da/, /ga/ and for the multisyllabic sequences /badaga/, in addition to 10 repetitions for the multisyllabic sequence for all speakers (see [Fig. 2](#f0010){ref-type="fig"}).Fig. 2Mean ± standard errors bars (Seconds) for 20 repetitions for monosyllables /ba/, /da/, /ga/ and the multisyllabic sequence /badaga/ in addition to 10 repetitions for Saudi and Bahraini speakers, \* Indicates significant difference between the dialects.

A Praat script was modified to extract for each participant the duration in seconds from the marked iteration for all syllables from the sound files in WAV format and text grids ([@b0045]). The output of the script was then transferred to an Excel (2010) spreadsheet. The results for all participants were then compiled into an Excel spreadsheet that was transferred into the Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL), version 23, for statistical analysis. In the present study, the statistical analysis used a mixed model ANOVA with dialect (Najdi and Bahraini) and sex (male and female) as the between subjects factors. The within subject factor was the five tasks for the DDK rates (20 repetitions for the monosyllables /ba/, /da/, /ga/ and the multisyllabic sequences /badaga/ for 20 and 10 repetitions).

2.5. Reliability {#s0060}
----------------

For reliability, a Pearson correlation was performed to establish correlation between two measurements, intra-rater reliability by the first author after a duration of at least 6 months and inter-rater reliability by an independent speech and language pathologist colleague after a demonstration from the researcher as well as a trial. A total of 8 participants were randomly selected, with 2 representing each group (2 Saudi and 2 Bahraini males, and 2 Saudi and 2 Bahraini females) from the total of 80 participants in the study. For each participant, DDK rate measures were obtained for the monosyllables /ba/,/da/,/ga/ for the 20 repetitions and for 20 and 10 repetitions for the multisyllabic sequences /badaga/ in the same method described above. A total of 5 measures for DDK syllables for each participant had been made. Therefore, the number of DDK rates analysed for these participants was 40, representing 10% of the total sample (n = 400). The intra-rater reliability levels were used to assess the reliability of the DDK measurements. There was a strong positive correlation for the intra-rater reliability between the two measurements that was performed by the researcher for the monosyllables (r = 1.00, n = 24, p \< .001) as well as the multisyllabic for 20 repetitions (r = 1.00, n = 8, p \< .001) and 10 repetitions (r = 0.998, n = 8, p \< .001). In addition, the second measurement (inter-rater reliability), taken by an independent second rater, revealed a strong positive correlation for the monosyllables (r = 1.00, n = 24, p \< .001) as well as the multisyllabic for 20 repetitions (r = 1.00, n = 8, p \< .001) and 10 repetitions (r = 1.00, n = 8, p \< .001). Overall, there was a strong positive correlation between the measurements revealing a high level of reliability for the acoustic analysis of DDK duration in seconds.

3. Results {#s0065}
==========

3.1. DDK rates {#s0070}
--------------

Normative DDK rates (mean, standard deviation, minimum and maximum) in seconds for 20 repetitions for monosyllables /ba/,/da/,/ga/ and the multisyllabic sequence /badaga/, according to the Fletcher method (1972, 1978) can be observed in [Table 1](#t0005){ref-type="table"} for 80 speakers (20 male and 20 female Saudi speakers and 20 male and female Bahraini speakers). In addition, the final column indicates the number of seconds required for the production of 10 repetitions for the multisyllabic sequence /badaga/.Table 1Mean DDK rate (SD, Min and Max) in seconds for male and female Saudi and Bahraini speakers for 20 repetitions for monosyllables /ba/,/da/,/ga/ and the multisyllabic sequence /badaga/, and the final column shows seconds required for 10 repetitions for the multisyllabic sequence /badaga/.SexDialect/ba/ (20)\
Mean (S.D)\
Min-Max/da/ (20)\
Mean (S.D)\
Min-Max/ga/(20)\
Mean (S.D)\
Min-Max/badaga/ (20)\
Mean (S.D)\
Min-Max/badaga/ (10)\
Mean (S.D)\
Min-MaxMale**Saudi**\
(**20**)3.53 *(0.59)*\
2.92--5.233.57 *(0.82)*\
2.72--6.203.73 (*0.70)*\
2.75--5.578.89 *(1.19)*\
7.46--12.194.45 *(0.58)*\
3.73--6.03**Bharani**\
(**20**)3.92 (0.90)\
2.84--6.544.18 (1.33)\
2.66--7.154.68 (1.57)\
2.67--8.179.20 (1.42)\
6.74--12.714.73 (0.82)\
3.70--6.74**Mean**\
(**40**)3.73 (0.78)\
2.84--6.543.87 (1.14)\
2.66--7.154.20 (1.29)\
2.67--8.179.05 (1.30)\
6.74--12.714.59 (0.71)\
3.70--6.74Female**Saudi**\
(**20**)3.67 (0.68)\
2.78--5.273.75 (0.77)\
2.27--4.973.90 (0.86)\
2.83--6.269.19 (1.42)\
6.82--11.924.60 (0.63)\
3.33--5.81**Bharani**\
(**20**)3.94 (0.83)\
2.98--5.954.13 (1.02)\
2.91--5.794.34 (0.91)\
3.17--6.399.43 (1.08)\
8.19--12.434.68 (0.55)\
4.12--6.39**Mean**\
(**40**)3.81 (0.76)\
2.78--5.953.94 (0.91)\
2.27--5.794.12 (0.90)\
2.83--6.399.31 (1.25)\
6.82--12.434.64 (0.59)\
3.33--6.39Total**Saudi**\
(**20**)3.60 (0.63)\
2.78--5.273.66 (0.79)\
2.27--6.203.81 (0.78)\
2.75--6.269.04 (1.30)\
6.82--12.194.52 (0.60)\
3.33--6.03**Bharani**\
(**20**)3.93 (0.85)\
2.84--6.544.15 (1.17)\
2.66--7.154.51 (1.28)\
2.67--8.179.32 *(1.25)*\
6.74--12.714.71 (0.69)\
3.70--6.74**Mean**\
(**40**)3.77 (0.76)\
2.78--6.543.91 (1.02)\
2.27--7.154.16 (1.11)\
2.67--8.179.18 (1.28)\
6.74--12.714.61 (0.65)\
3.33--6.74

3.2. Sex and dialect {#s0075}
--------------------

As a first step, the results showed that sex had no effect on DDK rates among the Saudi Najdi and the Bahraini Bahraini speakers (F (1,76) = 0.637, p \> .05) (5.08 and 5.16 in seconds collectively for all syllables produced for males and females respectively). Nor was there any interaction between sex and dialect (F (1,76) = 0.477, p \> .05). However, dialect had a significant impact (F (1,76) = 6.22, p \< .05) where Saudi speakers had a faster rate and produced the syllables in shorter period (4.93 s) than the Bahraini group (5.32 s). Further analysis was conducted using a one-way ANOVA to compare the effects of dialect on the monosyllables and both multisyllabic sequence. The results showed a significant effect of dialect as observed in the monosyllables sequences where /ba/ (F (1,78) = 4.00, p \< .05), /da/ (F (1,78) = 4.96, p \< .05) and /ga/ (F (1,78) = 8.63, p \< .05), while no differences were observed for the multisyllabic /badaga/ for 10 repetitions (F (1,78) = 1.06, p = .209) and 20 repetitions (F (1,78) = 0.941, p = .335).

3.3. Syllable type {#s0080}
------------------

The results showed a significant effect regarding syllable type (F (1.82, 138.08) = 740.52, p \< .001). A post hoc test using Bonferroni correction for multiple comparisons revealed that the 20 and 10 repetitions for /badaga/ (9.18 and 4.61 s respectively) took longer to complete than all the monosyllables (p \< .001). Furthermore, /ga/ for the 20 repetitions was completed at a lower DDK rate (4.16 s) than both /ba/ (3.77 s) (p \< . 001), and /da/ (3.91 s) (p \< .05). However, no significant differences were observed between /ba/ (3.77 s) and /da/ (3.90 s) (p \> .05), (see [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Mean ± standard error bars (Seconds) for 20 repetitions for monosyllables /ba/, /da/, /ga/ and the multisyllabic sequence /badaga/ in addition to 10 repetitions.

The results showed no significant interaction between syllable type and sex (F(1.82, 138.08) = 0.54 , p \> .05), syllable type and dialect (F(1.82, 138.08) = 0.1.44 ,p \> .05) or between sex, dialect and syllables (F(1.82, 138.08) = 0.256 , p \> .05).

4. Discussion {#s0085}
=============

4.1. Sex and dialect {#s0090}
--------------------

As mentioned earlier, sex did not show an effect which agrees with a number of studies on English ([@b0185], [@b0105], [@b0015], [@b0050], [@b0220], [@b0145]) and Hebrew ([@b0085]). However, for dialect, Saudis had faster rates than Bahraini speakers for the 20 repetitions of the monosyllables (/ba, /da, /ga/). In contrast, the multisyllabic sequence /badaga/, showed no significant differences between the dialects for both measures (10 and 20 repetitions of /badaga/). The results from this study suggest that dialects might exhibit some differences in DDK rates. These differences were limited to the monosyllables between the Saudi and Bahraini dialects. Lower standard deviation values for DDK rates have been shown to be an indication of higher levels of coarticulation where articulatory movements are more rapid and flexible ([@b0080]). Bahrainis tended to show higher standard deviations than Saudis, which might indicate higher levels of coarticulation for the Saudi speakers. The results might also be reflective of differences between the two dialects considering that Najdi has been described as the closest to classical Arabic ([@b0090]) while Bahraini Bahraini might be influenced by the Bahrani Bahraini dialect which is largely influenced by Persian ([@b0075]). In addition, the number of foreigners living in Bahrain makes up half the population ([@b0070]); over time the heterogeneity of languages spoken may have had an effect on the dialects of Bahrain.

4.2. Syllable type {#s0095}
------------------

The results from this study showed that /ga/ had a lower DDK rate than /ba/ and /da/ in Najdi and Bahraini Arabic speakers for both sexes. The results are in agreement with the majority of studies on English ([@b0185], [@b0105], [@b0015], [@b0050], [@b0220], [@b0145]), Brazilian Portuguese ([@b0115]) reporting that monosyllables with velar consonants have lower DDK rates than those with other consonants. This might be due to the involvement of more complex articulatory process in producing /g/ ([@b0160]). Furthermore, the more frequent the phoneme, the more accurate and rapid the movement of articulators ([@b0085]). In Modern Standard Arabic (MSA), the /b/ phoneme has been shown to have a higher frequency than /d/ ([@b0225], [@b0155]). A study of Tunisian Arabic also showed that the frequency of /b/ was higher than /d/ which was in turn higher than /g/ ([@b0110]). This in turn could have caused the differences in DDK number of repetition between the monosyllables where the voiced bilabial stop /b/ was observed to have a higher rate than the voiced alveolar stop /d/, which was higher than the voiced velar stop /g/. In addition, this might have been the cause of differences between DDK rates between the two dialects in this study. However, further studies are required on the frequency of phonemes in Arabic dialects, which might help to explain the results of this study.

In clinical settings, speech and language pathologists frequently employ minimum and maximum, in addition to mean DDK rates to ascertain if speech difficulties are present and are not within the range produced by healthy speakers. Therefore, this study provides normative DDK rates following the [@b0060] & 1978) methods (means, standard deviation, minimum and maximum rates) for Saudi and Bahraini male and female young adult speakers. It is recommended for Arabic clinicians to assess the full range of DDK tasks within this study. One of the limitations of the study is that only mean values were used for comparison between dialect and sex. Additional analysis of ranges and standard deviation is recommended.

5. Conclusion {#s0100}
=============

Saudis showed higher DDK rates for monosyllables tasks than Bahrainis, while no differences between the dialects were observed for the multisyllabic sequences. Furthermore, no sex differences were found in DDK rates for both Arabic dialects. In addition, /ga/ showed lower rates among the monosyllables, while, the multisyllable showed the slower rates among DDK task for both dialects. It is recommended that clinics in Saudi Arabia and Bahrain utilize the normative data from this study for adults in the age range of 22--35 years. Further studies are recommended to determine normative DDK rates for children and older adults.

We would like to extend our appreciation to The Deanship of Scientific Research, College of Applied Medical Sciences Research Centre at King Saud University for their support.

Peer review under responsibility of King Saud University.
